The dissipation of internal wave energy in the turbulent boundary layer under pack ice is determined using a time-varying boundary layer model with an eddy coefficient closure scheme. The magnitude of the eddy coefficient is determined by the ice drift velocity, which is assumed greater than the rms water velocity induced by internal waves. The Arctic Ocean internal wave velocity spectrum is represented by a line spectrum with 44 rotary frequency components. The energy at a given frequency is set equal to the energy in a band about the frequency in the continuous spectrum. The dissipation spectrum is found to have an to-'-shape. For an internal wave energy level representative of Arctic Ocean conditions (energy parameter r equal to 50 m •-cph) the total dissipation is 0.16 mW m-•-. This corresponds to a dissipation time scale of 32 days and suggests that underice dissipation is important. The surface boundary layer dissipation process is unique to ice-covered regions, and the_ predicted amount of dissipation appears to be great enough to explain earlier observations that the internal wave energies in the Arctic Ocean are low compared to internal wave energies measured in ice-free oceans.
INTRODUCTION
Despite the intensive study of oceanic internal waves over the past several decades by both experimentalists and thec•r.-eticians there are significant deficiencies in our understanding of the physical processes that generate, modify, and dissipate internal waves (see recent reviews by Munk [1981] , Olbers [1983] , and Levine [1983] ). On the basis of a set of diverse field evidence, Garrett and Munk [1972 , 1975 , 1979 (hereafter referred to as GM) presented the surprising result that the internal wave spectrum is remarkably constant in time and space. Subsequent experiments have generally confirmed the GM hypothesis. As a means of identifying possible sources and sinks of internal waves, Wunsch [1976] suggested searching for geographical regions where the internal wave field deviated from the canonical GM spectrum. The Arctic Ocean appears to be one location where deviations do exist. Preliminary studies suggest that the internal wave energy under the Arctic ice cover is lower than usually observed in temperate oceans [Morison, 1985; Levine et al., 1985] . Morison [1985] has examined historical data from Yearsley [1966] , Neshyba et al. [1972] , Bernstein and Hunkins [1971] , and Bernstein [1971] and has found that while the forms of the internal wave spectra from the Arctic are of the same shape as the G M model, the energy levels are 0.05 to 0.33 times lower. Recent data gathered in the Arctic by Levine et al. [1985] also show low energy levels, from 4 to 6 times lower than the canonical values.
There are several possible explanations for this reduced energy level. The forcing of internal waves in the Arctic may be substantially less than at lower latitudes. The ice cover eliminates most surface wave forcing. Also, tides are generally weak in the Arctic, and above 75øN the tidal frequencies lie Copyright 1985 by the American Geophysical Union.
Paper number 5C0435. 0148-0227/85/005C-0435505.00 outside the internal wave frequency band. However, these reductions may be offset by forcing that is unique to the Arctic, such as the motion of pressure ridge keels on the underside of the ice and the strong buoyancy flux that occurs in leads.
The internal wave energy may also be less in ice-covered waters because of increased energy dissipation, and that is the subject of this paper. Figure 1 illustrates how dissipation is enhanced by a surface ice cover. The ice pack provides a lid that is effectively rigid for most internal wave frequencies and horizontal wavelengths. Thus, unlike the waves in an ice-free ocean, the waves under ice must generate oscillatory boundary layers at the surface. These are embedded in and interact with the turbulent boundary layer that exists without the waves. Such oscillating boundary layers may provide an important sink for internal wave energy, one which does not exist in the open ocean. D'Asaro [1982] discusses the absorption of internal wave energy in the bottom boundary layer and estimates that the absorption ranges from -0.003 to 0.024 mW m -2. This indicates bottom absorption is unimportant. However, for typical profiles of the Brunt-Vaisala frequency N, the internal wave modal structure yields much higher horizontal velocities near the surface than at the bottom. Thus dissipation may be much larger in a surface boundary layer than in a bottom boundary layer for the same level of internal wave energy per unit area. The problem of internal wave dissipation under ice has been addressed for a special case by Levkov and Cherkesov [1974] . They discuss the behavior of long surface and interfacial waves in an ice-covered, viscous, two-layer ocean forced by a fluctuating surface pressure. The ice cover damps the interfacial waves substantially, by a factor of 2 q-(v•/v2) •/2 over the no-ice cover case, where v• and v 2 are upper and lower layer viscosities.
In this paper we estimate the energy dissipation using a model of oscillating boundary layers developed by Long ['1981] . The model employs an eddy coefficient and is solved numerically. The eddy coefficient requires specification of single-velocity and single-length scales and is based on the Fig. 1 . Schematic illustrating the difference in internal wave boundary conditions between an ice-covered ocean and an ice-free ocean. The boundary layer coordinate system is also illustrated. eddy coefficient form developed by Businger and Arya [1974] . Our philosophy in using the model is to obtain a conservative but realistic estimate of the dissipation, not to explore the nuances of how internal waves interact with each other and the mean flow. For this reason, the nonlinear interactions of the waves in the boundary layer are ignored. We assume that the velocity scale and magnitude of the eddy coefficient are determined by the mean flow and are independent of the internal wave field. This linear model is relatively easy to interpret and yields dissipation values which should be conservative. The underice energy dissipation will be compared with dissipation estimates for the open ocean, and the effect on the internal wave energy in the Arctic will be assessed. Finally, a determination must be made of the appropriate integral scales with which to characterize K for flows with multiple frequency components. This is difficult in principle because the components interact nonlinearly owing to bound-ary layer turbulence. In practice the lower limit on K can be estimated by assuming that the momentum-transferring properties of the turbulence field are due only to the most persistent flow component, i.e., the steady component due to the ice motion. For this case the scale friction velocity u, is that due to the stress, which would exist if only the steady motion were occurring. So, u, = U,ice -'-Izol •/2 and K = ktl,iceZe -61flz/u*ice ( The system is solved by specifying Zo, f, Uice, and a series of M frequencies co, and velocities Aoo, that characterize the wave field. For convenience, it is assumed that Boo, = 0, since the phase does not affect the dissipation estimates. Equations (12) and (13) are then solved numerically using K from (11).
In the numerical scheme the stress equations corresponding to (12) are actually integrated by assuming an initial estimate of U,ice and using (11). The resulting surface velocity, determined by integrating the stress equation, is compared with Uice, and an improved estimate of U,ice is made. This process is iterated until the estimates converge. The solution for the wave components is similar, but it is not necessary to change the value of K derived in solving (12).
FORCING AND MODEL PARAMETERS
To apply the model, steady and internal wave velocity components must be specified. The steady component is the mean The dissipation coefficient CDiS is slightly less than the steady state drag coefficient.
DISCUSSION
To put these results in perspective, it is useful to compare them with estimates of dissipation from temperate oceans. Olbers [1983] lists dissipation estimates based on the work of several authors. In his Table 1 Assuming that boundary layer damping is a dominant mechanism in the Arctic, there are other differences that might be expected in the Arctic internal wave field when compared with open ocean conditions. For example, the internal wave energy flux might be upward (at least during periods with little surface forcing), rather than downward as observed by Learnan [1976] and D'Asaro and Perkins [1984] . If the reduced energy is due to increased damping, there might be a more rapid decay of internal wave energy after a period of energy input; i.e., the ocean would not "ring" as long as in the open water case. As a result, there may be more temporal variability in the internal wave energy. In fact, internal wave energy estimates from the Arctic do vary by over an order of magnitude [Morison, 1985 In summary, we conclude that surface boundary layer turbulence is a significant factor in the dissipation of internal wave energy and may be the cause of the reduced levels of internal wave energy found in the Arctic. Further, dissipation in the underice boundary layer may produce other, as yet unmeasured, changes in the internal wave spectrum of the Arctic.
